Secondary metabolites are defined as products which are produced by many kinds of microorganisms and plants but which are not required for the survival of these living things.
using enzymological methods; and now, in the 2000s, we are studying the mechanisms of aflatoxin biosynthesis using molecular biological methods. In the present paper, I will summarize our research work, emphasizing the strategies we have used.
Detection methods of aflatoxin-producing fungi
Handling aflatoxin and aflatoxin-producing fungi is dangerous to everyone, even to researchers themselves. In order to conduct aflatoxin studies efficiently and safely, simple screening methods are essential. Although some methods, including the extraction of aflatoxin from a fungal culture followed by thin layer chromatography (TLC) or high performance liquid chromatography (HPLC) analysis, were reported as early as 18 years ago, these methods were time-consuming and involved of tedious and complicated procedures. Therefore, an early stage of our research consisted of the intensive development of simple and safe detection methods for aflatoxin-producing fungi. We finally established a new screening method based on UV photography
.2) Plates containing fungal colonies were placed upside down, and were irradiated with long-wave UV light (365 nm) and photographed with a camera equipped with a UV lens and a UV filter. Using this method, we found that aflatoxinproducing fungi were identified as gray or black colonies, while non-aflatoxin-producing fungi appeared as white colonies (Fig. 1) . Since a toxic fungus could thus be identified without removing the lid of the plate, this screening method was determined to be safe.
Using the UV photography method, it is possible to estimate aflatoxin production qualitatively.
However, another method by which aflatoxin production could be measured quantitatively was also necessary. This was the tip culture method (Fig. 2) , 3) in which 1-ml Pipetman tips were used as culture vessels of fungi. Autoclaved YES medium (250 µl) was poured onto a tip whose chip was stuffed with quartz wool and sealed with parafilm. Five microliter of spore suspension of fungus was then inoculated into this medium, and it was cultured for 4 days at 28 . Under this method, it is not necessary to know the spore number of the fungus because a few, even one, spores are sufficient for growth of the fungus. After culturing, the parafilm of the chip was removed, and the whole set was centrifuged at 900 x g for 20 sec. At this stage, the culture medium was separated from the mycelia remaining in the tip. Since the medium contains aflatoxins excreted from mycelia, the amount of aflatoxins in the medium could be measured by TLC and HPLC. In contrast, most of all precursors of aflatoxins accumulated in the mycelia. They could thus be measured after they were extracted from the mycelia using a small amount of an organic solvent such as acetone. Since the scale of the culture was extremely small in the tip culture method, we were able to measure aflatoxin production of more than 100 fungi at the same time.
Isolation of mutants with impaired aflatoxin production
It is generally known that mutants are very useful for clarification of the mechanism of a metabolism; we therefore tried to isolate mutants related to aflatoxin production.
3) The conidiospores of A. parasiticus NRRL 2999 were irradiated with short-wavelength (254 nm) UV light, and were then spread onto aflatoxin-inducible GY medium. When the resultant plates were photographed by UV photography, the extent of the darkness and the size of the colonies were found to be very heterogeneous. Fungi making gray or white figures appeared to be mutants with impaired aflatoxin production. In the UV photos, however, it was not possible to discriminate between the desired mutants and mutants with a delayed growth rate, because aflatoxins are usually produced after the completion of the growth phase. Therefore, the fungi selected by UV photography were further analyzed by the tip culture method. In this second step, about 10% of the mutants first selected were identified as mutants in which aflatoxigenicity was decreased or lost.
Finally, a total of 38 such mutants were obtained, of which 3 were found to be blocked mutants which accumulated the aflatoxin precursors, versicolorin A (VA) or averantin. Seventeen mutants, Fig. 2 . Feeding experiment using tip culture method. The NIAH-26 mutant was inoculated into YES liquid medium supplemented with a substance, which had been expected to be a precursor of aflatoxins. After culture, the production of aflatoxin was detected by HPLC or TLC.
including the VA-accumulating mutant, could not produce any kind of aflatoxin.
Methods for determining the pathways involved in aflatoxin biosynthesis
Isolation of a useful and safe mutant for the study of aflatoxin biosynthesis. Feeding experiments have often been used to determine the precursors of a certain metabolism in microorganisms (Fig. 2 ). 4) A substance which is expected to be a precursor of a certain metabolite is added to the medium of the microorganism. If the substance is a precursor of the metabolite, the organism adsorbs it into its cells, and it is then converted into the final metabolites. Therefore, metabolite production demonstrates that the substance is a precursor of the metabolite. This method has also been used in research on aflatoxin biosynthesis.
We applied the same strategy for the characterization of the mutants obtained by UV irradiation.
Many mutants were able to newly produce aflatoxin depending on the addition of various kinds of precursors. 4) Of these mutants, we found that a new mutant, NIAH-26, could effectively convert almost all precursors to aflatoxins indicating that this mutant can induce all enzymes in these steps.
5)
The NIAH-26 accumulated neither aflatoxin nor pigmented precursor without the addition of a precursor. Therefore, this mutant is extremely safe enzyme source for the study of aflatoxin biosynthesis.
Determination of aflatoxin-precursors by feeding assay.
In feeding experiments, we used the tip culture method (Fig. 2) . A spore suspension of NIAH-26 mutant was inoculated into YES medium supplemented with a substance which was suspected to be a precursor of aflatoxin. After culturing, the aflatoxins were examined by TLC or HPLC. Since this mutant did not endogenously produce any aflatoxins, aflatoxins were considered to be derived from the substance. Through these experiments, we were able to demonstrate for the first time that 5'-hydroxyaverantin, versicolorone, versicolorol, versiconol acetate, versiconol, demethylsterigmatocystin, dihydrodemethylsterigmatocystin, and dihydro-O-methylsterigmatocystin are precursors of aflatoxins. 6-9) Furtheremore, we showed that several substances including averufanin, versicolorin C (VC) and averithrin are artifacts produced from natural precursors of aflatoxin through spontaneous dehydration.
Clarification of enzyme steps involved in aflatoxin biosynthesis.
Cell-free extract, cytosol fraction and microsome fraction were prepared from mycelia of the NIAH-26 mutant. These fractions could be directly used in cell-free experiments because they did not contain any aflatoxins or precursors. In order to determine each step of aflatoxin biosynthesis, we always applied all these fractions to each cell-free expriment. 6-12) It appears that many cytosol enzymes as well as microsome enzymes are involved in aflatoxin biosynthesis. Since the cell-free extract contained both cytosol and microsome fractions, the extract was inappropriate for investigating specific enzymatic steps; nevertheless, it was useful for guessing which stage a precursor would be involved in, because it was significantly easier to find several products rather than only one product. Activities of cytosol enzymes were usually strong compared to those of micorosome enzymes. In contrast, when a microsome enzyme was involved, its activity was strikingly weak and usually unstable. Therefore, addition of a high concentration of microsome enzyme to the reaction mixture was usually useful to detect the weak enzyme activity. However, microsome fraction inevitably contained a certain amount of cytosol fraction even if the microsome was carefully washed. Therefore, investigation of a given enzymatic step using both types of fraction was thus of critical importance to search for the correct enzymatic product.
Aflatoxin biosynthetic pathway and genes
Aflatoxins are produced from acetic acid through very complicated pathways, primarily the following: 1) hexanoic acid formation from acetyl CoA; 2) polyketide formation to form anthraquinone precursors; 3) formation of bisfuran structures; 4) formation of xanthone precursors and methylations; and 5) formation of aflatoxins (Fig. 3) . We have clarified almost all enzymatic reactions involved in aflatoxin biosynthesis, [6] [7] [8] [9] [10] [11] [12] [13] [14] and recently, the genes coding the enzymes or regulatory protein(s) have been isolated. [15] [16] [17] [18] Last year, I summarized the pathway from acetyl CoA to aflatoxins and genes in the journal Mycotoxins, and in a book, Microbial Secondary Metabolites: Biosynthesis, Genetics and Regulation. 14) For aflatoxin production, the fungi use some cofactors, NADPH, NADH, NAD and S-adenosyl methionine. At least 11 NADPH molecules are required for the formation of one AFB1 molecule. Therefore, this secondary metabolism is a very expensive one from the viewpoint of energy cost. Since the pentose phosphate pathway mainly supplies NADPH molecules in the cell, it may be intimately related to aflatoxin biosynthesis.
Aflatoxins and some precursors are optically active substances, while other precursors are either racemates or have no chiral center on their molecules. In the early 1990s, chiral HPLC analyses were the new strategy to determine the chiralities of substances. We used this method to investigate which step(s) may determine the configuration of aflatoxins or their precursors. 10,12) The configuration of
(1'S, 5'S)-averufin leading to the formation of aflatoxins was found to be due to the stereospecificity of one enzyme, norsolorinic acid dehydrogenase, which catalyzes the reaction between (1'S)-averantin and norsolorinic acid. We also demonstrated that the stereoconfiguration of bisfuran moiety in aflatoxin molecules is determined by the versiconal cyclase enzyme, which catalyzes the reaction from versiconal hemiacetal acetate to versicolorin B (VB). The resultant (1'R, 2'S)-( -) configuration is further confirmed by the subsequent desaturase enzyme from VB to VA. In this work, we demonstrated for the first time that VB, but not VC, is a precursor of aflatoxins.
VA and VB are precursors of aflatoxin B1/G1 and aflatoxin B2/G2, respectively. The dihydrofuran ring of VA and the tetrahydrofuran ring of VB restrict the subsequent steps. The intermediates placed after these versicolorins were suggested to be demethylsterigmatocystin and dihydrodemethylsterigmatocystin, respectively. A ver-1 gene was determined to be involved in the conversion of VA to sterigmatocystin. However, these reactions have not been biochemically observed. In fact, this step is the last step that we have not been able to reproduce using the cell-free systems.
We further found that aflatoxins G1 and G2 are also produced from O-methylsterigmatocystin and dihydro-O-methylsterigmatocystin, respectively. Although the ordA gene product is also necessary for the formation of G-group aflatoxins, other fractions, an unstable microsome enzyme and a 220-kDacytosol protein, are additionally required. The genes of the additional proteins have not yet been isolated.
11)
Almost all enzyme genes in volved in aflatoxin biosynthesis comprise a huge gene cluster 
Purification and characterization of enzymes involved in aflatoxins
Although we have tried to purify many cytosol enzymes involved in aflatoxin biosynthesis, we have succeeded in purification of only several enzymes. We purified the O-methyltransferase I enzyme from A. parasiticus, which catalyzes conversions both of demethylsterigmatocystin to sterigmatocystin and of dihydrosterigmatocystin to dihydrosterigmatocystin.
19) The dmtA gene encoding O-methyltransferase I was also isolated based on the amino acid sequence of the purified enzyme, 20) and the deduced amino acid sequence contained an S-adenosylmethionine consensus binding sequence.
The apparent mass of O-methyltransferase I was 150-kDa based on Sephacryl S-300 gel filtration chromatography, and the denatured molecular mass was 43-kDa based on sodium dodecyl sulfatepolyacrylamide gel electrophoresis (SDS-PAGE). Interestingly, the kinetics of this enzyme deviated from standard Michaelis-Menten kinetics, demonstrating substrate inhibition at a higher substrate concentration. We also purified versiconal hemiacetal acetate reductase that catalyzed the conversion of versiconal hemiacetal acetate to versiconol acetate depending on the presence of NADPH.
21)

Characterization of aflatoxin biosynthesis
We expect the pathways of aflatoxin biosynthesis to clarify the causes of various phenomena. A.
parasiticus strains usually produce G-group aflatoxins as well as B-group aflatoxins, while A. flavus strains produce only B-group aflatoxins. The absence of G-group aflatoxins in A. flavus may reflect a loss of or decrease in enzyme activities of the unstable microsome enzyme and a 220-kDa cytosol protein, which are necessary for the production of G-group aflatoxins. 11) On the other hand, among aflatoxins produced by fungi, the ratio of aflatoxin B1 to aflatoxin B2 was similar to that of aflatoxin G1 to G2. Based on the biosynthetic pathways, the ratio of VB to VA may determine the ratio of the 1-group of aflatoxins (AFB1, AFG1) to the 2-group of aflatoxins (AFB2, AFG2). Since desaturase enzyme activity determines the ratio of VB to VA 8) , it may finally determine the ratio of aflatoxins.
The excretion mechanisms of aflatoxins are also interesting phenomena. Most intermediates of aflatoxins accumulate primarily in fungal mycelia. In contrast, aflatoxins are excreted from the mycelia to the medium, where they accumulate. It has not yet been determined whether an active transport system of aflatoxins is present or not.
Conclusions
We have been studying aflatoxin biosynthesis for more than 18 years, and most enzymatic steps involved in aflatoxin biosynthesis have been clarified. The present paper summarizes our research to date; recently, many researchers have begun to apply molecular biological techniques to this field of study. Signal transduction mechanisms in aflatoxin/sterigmatocystin production have been studied extensively, and it is likely that the precise induction mechanism of aflatoxin/sterigmatocystin biosynthesis will be clarified in the near future. As mentioned in the Introduction above, aflatoxin is an extremely serious problem in agriculture world wide. It is therefore critical to develop effective protection methods against aflatoxin contamination as soon as possible.
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I am deeply grateful to the late Professor Takashi Hamasaki of Tottori University for his support and encouragement. Professor Hamasaki was a great chemist, and had many substances related to aflatoxins because he had purified these new substances and was the first to report on these structures. Professor Hiromitsu Nakajima took over his laboratory, and is now my most important colleague and a significant source of inspiration. All of my results on aflatoxin biosynthesis have depended on their laboratory.
